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Abstract.  Online scheduling is considered in this paper for the Operating Theatre.  Robust elective schedules 
are determined in the offline environment prior to the day of surgery for the online environment.  Changes to 
the offline schedule during project implementation are minimized using an online scheduling model that 
operates in real-time.  The model aims to minimise cancellations of pre-scheduled elective patients whilst also 
allowing for additional scheduling of emergency cases, time permitting, which may arise during the schedules 
implementation.  Surgical durations are modelled with a lognormal distribution.  The single theatre case is 
solved and the computationally complex multiple theatre case, which is left for future work, is discussed. 
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1. INTRODUCTION 
 
Research on the optimal running of the Operating 
Theatre (OT) department has predominantly focused on 
(but not limited to) analysis of the system using simulation 
(Badri and John 1993, Ferrin et al. 2004, McHardy et al. 
2004) and offline surgery planning.  Surgical planning has 
been described as a three stage process (Belien and 
Demeulemeester 2007, Cardoen et al. 2009, Santibanez et 
al. 2007); 
i. Strategic level case mix planning.  The process of 
defining surgical blocks and allocation of time to 
surgical specialties. 
ii. Development of a master surgery schedule.  This 
involves assigning the surgical teams and/or 
specialties to the surgical blocks defined in the first 
step. 
iii. Scheduling and sequencing of individual cases. 
Stage one is generally a management decision 
involving budget allocation.  Dexter et al. (1999) used 
simulation to investigate the allocation of surgical block 
time to surgeons that maximised operating room use.  
Belien and Demeulemeester (2007) propose and evaluate 
models for the construction of the master surgery schedule 
(stage two) with levelled resulting bed occupancy.  
Scheduling and sequencing the patients (stage three) has 
received much attention in the literature and has been 
approached in many ways.  Dexter and Traub (2000) 
applied decision theory to the process of sequencing 
patients.  Pham and Klinkert (2008) treated surgical case 
scheduling as a generalised job shop scheduling problem. 
Galvin (1997) applies the cutting stock problem to the 
surgical scheduling problem.  Persson and Persson (2005) 
use optimisation modelling to synchronise allocation of 
different resources for operating room planning.  Sier et al. 
(Sier et al. 1997) developed a tool for scheduling operations 
that considered bed availability, efficient theatre utilisation, 
minimising schedule deviations and emergency arrivals.   
More recently, schedulers are moving away from 
deterministic and stochastic optimisation scheduling models 
towards robust scheduling models (Daniels and Kouvelis 
1995).  Robust scheduling includes ‘buffers’ that absorb 
variations in treatment times that occur during project 
execution.  Schedule robustness is defined by Daniels and 
Kouvelis (1995) as the determination of a schedule whose 
performance is relatively insensitive to the potential 
realisations of the task parameters.  In the online 
environment, the performance of pre-computed schedules 
degrades, as continual upgrades are required due to 
disturbances.  Robust schedules are generated such that the 
schedule performance remains high even in the presence of 
such disruptions (Leon et al. 1994). 
Hans et al. (2008) introduce assigning surgeries and 
planned slack time to the operating room days to prevent 
overtime.  The planned slack time on each operating room-
day is based on the expected variance of the surgical 
durations planned on that day.  The problem is formulated 
to minimise expected overtime and planned slack time, 
thereby theoretically freeing up operating room capacity.  
Stuart and Kozan (2009) adapted the idea of robust 
scheduling under the assumption of lognormally distributed 
surgical durations.  The schedules were compared with the 
normally distributed surgical duration case.  
Robust scheduling is an example of a preventive 
scheduling approach that serves as a baseline schedule for 
online production scheduling.  Effective preventive 
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schedules are important since they form the basis for 
resource commitment decisions.  When used in conjunction 
with reactive scheduling models, they improve the 
performance of online scheduling (Li and Ierapetritou 
2008). 
Van de Vonder et al. (2007) defined the difference 
between proactive (preventive) and reactive scheduling.  
Proactive scheduling is the construction of the initial 
baseline schedule by anticipating future disruptions.  
Disruptions during project execution may cause deviations 
from this predictive schedule and even make it infeasible.  
While robust schedules address quality robustness, they do 
not address solution robustness (Van de Vonder et al. 2005).  
Solution robustness is addressed by reactive scheduling, 
which is used to repair the baseline schedule following 
activity disruptions, by including changes whilst 
minimising disruptions from the original schedule.  Two 
types of reactive scheduling exist; repair of the existing 
schedule and full scheduling of tasks after a disruptive 
event i.e. re-scheduling (Li and Ierapetritou 2008, 
Sabuncuoglu and Bayiz 2000). 
To the authors’ knowledge, there is no literature to date 
dealing with reactive scheduling of elective and emergency 
patients for the operating theatre.  Introduced is an 
innovative robust reactive scheduling model (RRSM) for 
dealing with such disruptions in order to minimise 
cancellations of pre-planned patients and maximising 
throughput of emergency cases.  The original baseline 
schedule is based on the results of the author’s previous 
work on robust scheduling, where surgical durations are 
assumed lognormally distributed (Stuart and Kozan 2009). 
 
 
2. ROBUST REACTIVE SCHEDULING MODEL  
 
Online scheduling in the Operating Theatre 
Department is a dynamic process that deals with both 
elective and emergency patients.  The RRSM is an 
optimisation model that aims to minimise cancellations of 
the already assigned patients and maximise throughput of 
emergency cases following disruptions in the online 
environment.  Disruptions include but are not necessarily 
limited to variations in a patient’s estimated treatment time, 
the arrival of an emergency patient, equipment failure and 
resource unavailability (staffing or equipment).   
Regardless of the type of disruption, these lead to 
either early or late start times for the remaining patients.  
For example a patient that is completed early or an 
unexpected cancellation of an earlier patient may lead to an 
early start for the next patient.  If enough theatre time is 
freed up, an emergency case may even be allocated to the 
schedule.  Conversely, a late finish or a delay in resource 
availability may lead to a late start for the subsequent 
patient/s or result in cancellations. 
The model is implemented at the completion of each 
patient’s surgery, which may or may not differ from the 
expected completion time.  Patient priorities are taken into 
account allowing for pre-emption by an emergency patient 
when necessary.   
Baseline schedules are generated using the robust 
assignment model developed by Stuart and Kozan (2009) 
that assumes surgical durations are lognormally distributed 
variables. 
 
Notations 
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Objective function 
 
The objective of the reactive schedule is to minimise the 
costs of the new schedule.  The cost of cancelling a patient 
depends on their priority level j and type k and is given by 
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Constraints 
 
The number of patients assigned in the new schedule 
cannot exceed the number available.  This allows for a 
cancelled elective patient to be re-assigned at a later event. 
 
(2)                                   ' ijkijk EX ≤  
 
For model simplification surgical duration mean and 
volatility of mean estimates are assumed independent on 
priority level j and whether the patient is an emergency or 
elective.  Historical patient data is analysed and surgical 
durations are modelled with a lognormal distribution.  
Stuart and Kozan (2009) discuss summation of lognormal 
variables and calculating the amount of time to robustly 
assign surgeries to a time block.  The expected surgical 
duration, id and variance, 2is are respectively given by 
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where iµ and iσ are lognormal random variable parameters 
determined by analysis of historical data.  The sum of the 
expected durations and the variance of the patients assigned 
to the theatre are given respectively by 
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The amount of time that is planned for the patients 
assigned to the theatre depends on the level of accuracy 
desired by the decision maker.   The level of accuracy used 
for the model is 15.87%, i.e. the probability that surgeries 
run overtime is less than 15.87%.   The amount of time that 
is planned for the surgeries assigned to the theatre, based on 
this level of accuracy is given by 
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For a detailed explanation on the calculation of 
Equation 7 see Stuart and Kozan (2009). 
We use this information to ensure the time required to 
complete the assigned surgeries is less than the time 
available in the theatre. 
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The number of patients assigned to each theatre is a 
positive integer 
 
   (9)                                      ,, ,0' kjiX ijk ∀≥  
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3. SCHEDULE SOLUTION 
 
The RRSM was implemented using Visual Basic.  It 
has a user-friendly interface designed for use within the 
practical setting.  The model is run after the completion of 
each operation.  The user is prompted for information such 
as the duration of the completed surgery, the type of surgery 
(elective or emergency), the specialty and priority of the 
patient performed.  In addition, information on emergency 
patient arrivals can be added at any time. 
Model specific heuristics are used to search for the 
best schedule based on the information supplied.  The 
heuristics aim to minimise changes from the original 
schedule whilst also searching for the schedule that 
produces the best objective value.  The benefit of the 
heuristics over a commercial solver such as Lingo is the 
ability to minimise changes from the original schedule.  
This is especially evident when alternate optimal solutions 
exist that Lingo does not differentiate between.  This is 
important because it is not practical from a resource 
viewpoint to make large changes to the original schedule. 
Results of the robust scheduling model developed 
previously by the authors (2009) were used for testing the 
RRSM.  Surgical durations are assumed to be from a 
lognormal distribution determined by analysis of historical 
data from an Australian Public Hospital.  These were 
randomly generated and entered into the RRSM.  For each 
test case, the model assumes a single patient of each type of 
emergency patient is available. 
The results of 30 test cases are given in Table 1.  The 
performance measures presented are the number of elective 
patients originally scheduled that were cancelled, the 
number of emergency cases performed, the number of 
electives cancelled but later re-scheduled and the number of 
emergencies added to the schedule that had to later be 
cancelled.   
 
 
APIEMS2009 Dec. 14-16, Kitakyushu
804
Table 1: Test case results. 
 
 
 
Results indicate that across all 30 test cases there were 
only 12 elective cancellations and the RRSM was able to re-
schedule 8 electives.  The ability to re-schedule patients, 
when an already completed patient uses less time than it 
was allocated, illustrates the benefit of the robustness built 
into the model.  In addition, by allowing a calculated 
amount of extra time for each surgery based on a percentage 
determined by the decision maker, the number of 
cancellations is kept low and allows for additional 
emergency patients to be seen.  In this case, the model saw 
46 additional emergencies performed across the 30 test 
cases.  This ability to schedule additional patients ensures 
theatre capacity is used efficiently rather than being left 
unused.  In 11 cases, emergency cases that had been 
tentatively scheduled later had to be cancelled due to lack of 
time.  Allowing for their cancellation also helps to maintain 
the efficiency of the theatre utilisation by preventing 
overruns.  For the 30 test cases, 10% resulted in over-run 
theatres.  This is a good result as the proportion of 
individual patients that used more than their expected 
allocated time was not expected to exceed 15.87% (See 
Stuart and Kozan (2009)). 
In addition to measuring performance indicators, 
changes in the schedule may be presented in Gantt charts.  
Figure 1 illustrates the Gantt chart for test case 1.  In the 
initial schedule, 6 elective patients are assigned to the 
theatre.  The robust scheduling model developed by the 
authors minimises the deviation of the available theatre 
capacity from the used time.  This means that both earliness 
and tardiness are allowed.  Equation 7 is used to calculate 
the amount of time that is assigned for the initial patients, 
which is more than the capacity of the theatre, (i.e. the 
theatre is initially planned to run into overtime).  After each 
surgery is completed, the RRSM is run and a new schedule 
is generated.  Following completion of the first 2 patients, 
the RRSM shifts the original schedule to the left with no 
additional patients.  After the third completed surgery, an 
emergency patient is tentatively added to the schedule but is 
later cancelled after surgery 4 takes longer than expected.  
The emergency patient is then re-assigned following an 
early finish of surgery 5.  It is also evident that although 
surgery 6 also completed early, the longer than expected 
duration of the emergency patient means the schedule runs 
into overtime. 
 
 
4. CONCLUSIONS AND DIRECTION OF FUTURE 
WORK  
 
An innovative online scheduling model for a single 
Operating Theatre is developed and solved.  The model is 
run in real-time following the completion of each operation 
and minimises cancellations whilst also allowing for 
additional scheduling of emergency cases, time permitting, 
which may arise during the schedule’s implementation. 
The model was developed using Visual Basic.  Model 
specific heuristics were developed that generated better 
solutions than the commercial solver Lingo.  Although 
Lingo could generate optimal solutions, the heuristic could 
guide towards alternate optimal solutions that were better 
based on performance indicators that were not explicit in 
the objective function.   
The robustness of the model not only helps to 
minimise the number of elective patients that are cancelled 
but also allows for the addition of emergency cases.  
Investigating the influence of changing the proportion of 
surgeries that are expected to run longer than the time 
assigned them to find a good balance between elective 
cancellations and maximising throughput could be an 
interesting avenue to explore. 
While this model is a useful tool for the single theatre 
case, it does not look at the significantly more complex 
multiple theatre case with additional resource constraints.  
This will form the imminent future work of the authors. 
 
 
 
Schedule Cancelled Electives
Extra 
Emergencies
Re-scheduled 
Electives
Cancelled 
Emergencies
1 0 1 0 0
2 1 3 0 0
3 1 3 1 0
4 0 3 1 0
5 1 2 0 2
6 1 1 0 0
7 0 1 0 0
8 1 3 0 0
9 0 0 1 1
10 0 1 0 0
11 0 2 1 0
12 0 2 0 1
13 0 0 0 1
14 0 0 1 0
15 0 0 0 1
16 0 3 0 0
17 0 2 0 0
18 1 2 0 1
19 1 3 0 0
20 0 1 1 1
21 1 2 0 1
22 0 1 0 0
23 0 1 0 1
24 0 0 1 0
25 0 2 0 0
26 0 4 1 0
27 0 0 0 1
28 1 2 0 0
29 1 0 0 0
30 2 1 0 0
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Figure 1: Gantt chart for test case 1 
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